Shabeeh H, Melikian N, Dworakowski R, Casadei B, Chowienczyk P, Shah AM. Differential role of endothelial versus neuronal nitric oxide synthase in the regulation of coronary blood flow during pacing-induced increases in cardiac workload. Am J Physiol Heart Circ Physiol 304: H1277-H1282, 2013. First published March 11, 2013; doi:10.1152/ajpheart.00927.2012.-Endothelial nitric oxide synthase (eNOS) was assumed to be the only source of nitric oxide (NO) involved in the regulation of human coronary blood flow (CBF). However, our recent first-in-human study using the neuronal NOS (nNOS)-selective inhibitor S-methyl-L-thiocitrulline (SMTC) showed that nNOS-derived NO also plays a role. In this study, we investigated the relative contribution of nNOS and eNOS to the CBF response to a pacing-induced increase in cardiac workload. Incremental right atrial pacing was undertaken in patients with angiographically normal coronary arteries during intracoronary infusion of saline vehicle and then either SMTC or N G -monomethyl-L-arginine (L-NMMA; which inhibits both eNOS and nNOS). Intracoronary SMTC (0.625 mol/ min) and L-NMMA (25 mol/min) reduced basal CBF to a similar extent (Ϫ19.2 Ϯ 3.2% and 25.0 Ϯ 2.7%, respectively; n ϭ 10 per group). Pacing-induced increases in CBF were significantly blunted by L-NMMA (maximum CBF: 83.5 Ϯ 14.2 ml/min during saline vs. 61.6 Ϯ 9.5 ml/min during L-NMMA; P Ͻ 0.01). By contrast, intracoronary SMTC had no effect on the maximum CBF during pacing (98.5 Ϯ 12.9 ml/min during saline vs. 102.1 Ϯ 16.6 ml/min during SMTC; P ϭ not significant). L-NMMA also blunted the pacinginduced increase in coronary artery diameter (P Ͻ 0.001 vs. saline), whereas SMTC had no effect. Our results confirm a role of nNOS in the regulation of basal CBF in humans but show that coronary vasodilation in response to a pacing-induced increase in cardiac workload is exclusively mediated by eNOS-derived NO. coronary blood flow; endothelial nitric oxide synthase; neuronal nitric oxide synthase; pacing; vascular CHANGES IN CORONARY BLOOD flow (CBF) are fundamentally important for matching myocardial perfusion to increases in cardiac workload in response to physiological stresses, such as exercise. Dynamic alterations in coronary microvascular tone and resistance are the primary driver for such changes in CBF and are dependent upon the local concentration of vasoactive mediators such as adenosine, prostaglandins, nitric oxide (NO), and endothelium-derived hyperpolarizing factors (EDHFs) as well as neural inputs (7, 11, 18) . NO is well known to play an important role in the regulation of CBF both under basal conditions and in response to shear stress or agonist stimulation (19).
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In the physiological setting, NO may be synthesized by endothelial or neuronal NO synthase (eNOS and nNOS, respectively) (19) . The local regulation of vascular tone by NO has been considered to be largely dependent on the activity of endothelial eNOS. However, recent first-in-human data indicate that NO derived from nNOS also has an important physiological role in the regulation of peripheral and CBF (25, 26) . Using a local infusion of the nNOS-selective inhibitor, Smethyl-L-thiocitrulline (SMTC), we found that basal flow was significantly reduced both in the forearm and coronary circulations in the absence of changes in the eNOS-mediated vasodilatation to shear stress, ACh, or substance P (25, 26) . Local infusion of SMTC also inhibited the increase in forearm blood flow induced by mental stress (26) , suggesting that nNOSderived NO may also be involved in mediating changes in flow in response to some physiological stressors. These findings concur with evidence from animal studies in which nNOSderived NO has been found to regulate blood flow in several vascular beds (5, 14, 27, 29) .
A local release of NO (along with that of other paracrine mediators) has been shown to contribute significantly to the increase in myocardial blood flow that occurs in response to exercise or other settings of increased metabolic demand such as pacing (2, 3, 9, 15, 22, 28) . However, the relative contribution of constitutive NOS isoforms to the CBF response to an increase in cardiac workload is unknown. The aim of the present study was to define the role of eNOS and nNOS in mediating the increase in CBF in response to incremental atrial pacing in subjects undergoing cardiac catheterization.
METHODS
The study conformed to the standards set by the latest revision of the Declaration of Helsinki and was approved by the local Research Ethics Committee. All participants provided written informed consent. Twenty patients (11 male, 9 female; mean age 57 Ϯ 3.2 years) undergoing diagnostic cardiac catheterization for atypical chest pain, who had angiographically smooth and unobstructed coronary arteries, were included in the study. Subjects with valvular heart disease, left ventricular hypertrophy, reduced ejection fraction, or significant renal, hepatic, or inflammatory disease were excluded. Studies were performed in the morning after an overnight fast. Any vasoactive drugs were discontinued, and subjects refrained from alcohol, caffeinated drinks, and smoking for Ն24 h before the study.
Standard diagnostic coronary angiography was performed via the right femoral arterial in a quiet, temperature-controlled cardiac catheterization laboratory with digital cineangiography. After completion of the diagnostic procedure and confirmation of angiographically normal arteries, a temporary pacing lead was positioned in the right atrium via the femoral venous approach. A 0.014-inch intracoronary Doppler wire (FloWire; Volcano Therapeutics, Rancho Cordova, CA) was advanced through a 6F guiding catheter into a straight, nonoverlapping and side-branch free segment of the proximal left coronary artery (either the left anterior descending or circumflex artery, as detailed in Table 1 ). The Doppler wire was interfaced with a real-time spectral analysis system (ComboMap Pressure and Flow system; Volcano Therapeutics) to derive continuous Doppler traces and corresponding average peak velocity (APV) values. Contrast angiographic images were obtained with the study artery positioned at the isocenter without altering the angle of projection during the study. Changes in epicardial coronary artery diameter were measured by using an automated quantitative coronary angiography (QCA) edge detection system (Philips), in a 2.5-5 mm length segment of vessel ϳ2.5 mm distal to the tip of the Doppler wire. The ECG was continuously monitored. Intracoronary infusions of SMTC (0.0625 mol/min), N G -monomethyl-L-arginine (L-NMMA; 25 mol/min), or saline vehicle were administered via the guiding catheter at a rate of 2 ml/min (25) . These doses of SMTC and L-NMMA were previously shown to inhibit either nNOS alone or both nNOS and eNOS, respectively (25) . SMTC was obtained from Calbiochem and prepared to standards suitable for human use in a nationally accredited pharmaceutical manufacturing facility, as previously described (26) . L-NMMA was purchased from Bachem (Switzerland).
The study protocol is summarized in Figure 1 . All subjects underwent two periods of incremental right atrial pacing separated by a 10-min interval. The pacing rate was increased by 20 beats/min every 2 min up to a maximum heart rate of 150 beats/min or the occurrence of rate-related temporary atrio-ventricular block (6, 23) . The first pacing protocol was performed during intracoronary saline vehicle infusion and the second during either intracoronary SMTC or L-NMMA infusion (1 inhibitor per patient). The NOS inhibitors were infused for at least 7 min before commencing pacing. The APV, epicardial coronary artery diameter, heart rate, and aortic pressure were measured at baseline and after each increase in heart rate. To avoid hyperemic effects of angiographic contrast influencing CBF calculations, APV recordings at each time-point were always taken before coronary angiography and the protocol progressed to the next stage only after the APV value had returned to its precontrast value.
Data analysis and statistics. All data were recorded digitally and analyzed offline in a blinded fashion at the end of the study. CBF was calculated, as previously described (8), as the product of APV and the QCA-derived coronary artery diameter (1/2 ϫ APV ϫ coronary cross-sectional area). The cardiac workload was calculated as mean aortic pressure ϫ heart rate. Statistical comparisons were made by using a repeated-measures ANOVA or a one-way ANOVA, as appropriate. All tests were two-tailed, and differences were considered significant when P Ͻ 0.05. Data are shown as means Ϯ SE.
RESULTS
The baseline characteristics of the study subjects did not differ between those randomized to receive SMTC or L-NMMA (Table 1) . Neither intracoronary SMTC nor L-NMMA caused any change in heart rate or systemic blood pressure, as reported previously (25, 26) . The blood pressure was 98.2 Ϯ (Fig. 2A) . Likewise, L-NMMA or SMTC infusion both caused a similar reduction in basal coronary artery diameter (Fig. 2B) .
Effects of L-NMMA and SMTC on response to incremental pacing. As expected, incremental pacing during saline vehicle led to an increase in CBF in all subjects (Figs. 3 and 4) . During L-NMMA infusion, the maximal pacing-induced increase in CBF was significantly blunted (an increase from 56.8 Ϯ 9.27 to 83.5 Ϯ 14.2 ml/min during saline compared with an increase from 45.5 Ϯ 6.76 to 61.6 Ϯ 9.49 ml/min during L-NMMA; P Ͻ 0.05 by 2-way ANOVA). By contrast, during STMC infusion, there was no reduction in the pacing-induced increase in CBF compared with saline vehicle (an increase from 67.2 Ϯ 8.98 to 98.5 Ϯ 12.87 ml/min during saline infusion vs. an increase from 54.7 Ϯ 7.03 to 102.1 Ϯ 16.57 ml/min during SMTC; P ϭ not significant by 2-way ANOVA; Fig. 4C ). The results were similar when CBF was related to cardiac workload instead of heart rate (Fig. 4, B and D) . We also looked at the effects of L-NMMA or SMTC on coronary vascular resistance during pacing. Coronary resistance fell significantly with pacing and at peak pacing was significantly higher with L-NMMA compared with saline (1.77 Ϯ 0.25 vs. 1.44 Ϯ 0.32 mmHg/ ml/min; P Ͻ 0.01). However, in the presence of SMTC, the coronary resistance at peak pacing was similar to that during saline (1.02 Ϯ 0.05 vs. 1.14 Ϯ 0.17 mmHg·ml
Incremental atrial pacing significantly increased coronary arterial diameter during saline infusion (Fig. 5) . This response was significantly blunted during intracoronary infusion of L-NMMA (Fig. 5, A and B) , whereas SMTC infusion had no significant effect (Fig. 5, C and D) . A: percent change Ϯ SE in basal coronary blood flow after SMTC (n ϭ 10) or L-NMMA (n ϭ 10). B: percent change Ϯ SE in epicardial artery diameter. There was no significant difference between responses to SMTC and L-NMMA. *P Ͻ 0.01 and **P Ͻ 0.001 for L-NMMA or SMTC vs. baseline. Fig. 3 . Representative coronary Doppler spectral traces of APV. APV at baseline heart rate during saline vehicle (A), at peak heart rate during saline vehicle (B), at baseline heart rate during L-NMMA (C), and at peak heart rate during L-NMMA (D) is shown.
DISCUSSION
Continuous short-term adjustments in CBF are fundamentally important to ensure a close match between myocardial tissue perfusion and cardiac workload (7) . NO is known to be one of a number of paracrine mediators (including adenosine, prostaglandins, and EDHFs) that, in conjunction with autonomic inputs, determines optimal CBF. However, the relative contribution of different NOS isoforms to the regulation of epicardial and microvascular tone, and thus blood flow, in response to changes in metabolic demand remains unclear. Our results indicate that the change in CBF that occurs in response to increased cardiac workload, as induced through incremental cardiac pacing, is mediated by eNOS rather than nNOS even though nNOS has a significant effect on basal CBF.
Previous work has suggested that NO plays an important role in the regulation of metabolically induced vasodilatation in both the peripheral and coronary circulation, but the evidence remains conflicting and incomplete. In animal models, selec- response to L-NMMA with coronary diameter plotted against heart rate and cardiac workload, respectively. C and D: response to SMTC with coronary diameter plotted against heart rate and cardiac workload, respectively. Data at baseline and peak pacing are shown. *P Ͻ 0.05 for comparison of coronary diameter at peak pacing vs. baseline; †P Ͻ 0.01 for significant interaction between groups by 2-way ANOVA; **P Ͻ 0.01. Bpm, beats/min. tive inhibition of nNOS or nNOS gene deletion attenuates exercise-induced arteriolar vasodilatation and increase in blood flow in the skeletal muscle (10, 13, 16, 27) . In nNOS knockout mice and in the mdx mouse, an animal model of Duchenne Muscular Dystrophy where dystrophin deficiency results in greatly reduced nNOS expression in skeletal muscle, the ability of muscle contraction to attenuate ␣-adrenergic vasoconstriction has been shown to be defective and lead to abnormal flow regulation (27) . nNOS knockout mice show enhanced fatigue after mild exercise, which has been attributed to impaired muscle perfusion during exercise (16) . However, similar results have not been replicated in humans. NO is also implicated in the regulation of coronary vascular tone in response to exercise-induced increases in cardiac workload (2, 15, 17) . In humans, Quyyumi and colleagues (22) demonstrated that nonselective inhibition of NOS activity results in a significant reduction in both microvascular and epicardial vasodilatation during incremental cardiac pacing. In addition, atherosclerosis, which is known to reduce the local bioavailability of NO, blunts CBF and/or epicardial dilatation in response to other stimuli, such as bicycle exercise, cold pressor test, and pacing (12, 20, 21, 28, 30) . In the current study, we specifically addressed the relative contribution of eNOS-and nNOS-derived NO to pacing-induced increases in CBF using an nNOSspecific inhibitor (SMTC) and a nonisoform selective inhibitor, L-NMMA. The responses to these two agents are consistent with a model in which eNOS-derived NO is the main contributor to the pacing-induced increase in CBF, whereas nNOSderived NO has no effect in this setting even though it increases basal blood flow. eNOS may facilitate increases in CBF both through a reduction in microvascular resistance and an increase in epicardial coronary artery diameter, as observed in this study, and at least part of the mechanism may involve shear stress-induced increases in flow. The latter response is known to be mediated through endothelial eNOS (19) . On the other hand, the effect of nNOS on basal CBF could involve NO release from perivascular nerves (24), although we have no direct evidence to support this idea. It should be noted that pacing-induced change in CBF is not necessarily a pure model of increased workload and may also be influenced by other factors such as cardiac mechanics and the duration of diastole. Nevertheless, it is an objective and easy-to-implement intervention in the invasive setting of a clinical cardiac catheterization laboratory. An interesting observation is that NOS inhibition significantly attenuates but does not abolish changes in CBF. This is in keeping with the knowledge that pathways controlling metabolic regulation of blood flow have significant redundancy through interdependence on several factors, such as NO, adenosine, prostanoids, and EDHFs (7, 9, 11) . Such redundancy may also account for the conflicting data on the influence of NO on vasodilation in exercising skeletal muscle where factors other than NO might have a greater role. It is of interest that not only did SMTC fail to reduce the pacing-induced increase in CBF but that the increase tended to be even greater in the presence of the inhibitor, suggesting a possible interaction between basal nNOS-dependent effects and other pathways involved in vascular regulation.
The increase in CBF during exercise is not only driven by the increase in heart rate but by other factors, such as autonomic and neurohumoral inputs. Whereas this study only examined the contributions of nNOS and eNOS to the tachycardia-dependent increase in CBF, our previous work showed that forearm vasodilatation induced by mental stress is significantly attenuated by selective nNOS inhibition, suggesting a possible role for local nNOS-derived NO in regulation of microvascular tone through modulation of autonomic inputs (26) . Consistent with this possibility, nNOS has been found to be expressed in perivascular autonomic fibers as well as in the vessel wall (1, 4, 24) . Our data, therefore, do not exclude that nNOS-derived NO (released by perivascular nerves) may also play a role in the increase in CBF that occurs during physiological exercise, and this needs to be examined in future studies. Experimental studies have suggested the presence of an inverse functional association between the expression of constitutive NOS isoforms in the vasculature whereby a reduction in eNOS expression can be partly compensated by an increase in nNOS activity (4) . nNOS-derived NO might, therefore, play a greater role in the CBF response to increased metabolic demand in the setting of endothelial dysfunction.
In conclusion, this study provides the first direct evidence that increases in CBF in response to pacing-induced changes in cardiac workload in humans are mediated by eNOS rather than nNOS-derived NO and confirms that the latter plays an important role in setting basal coronary resistance. 
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